During ecological speciation diverging populations are exposed to contrasting sensory 35 and spatial information that present new behavioral and perceptive challenges. Here, 36 we investigate how brain composition evolves during the early stages of speciation. 37
Local adaptation following the colonization of novel environments promotes the 69 origin of new species 1,2 . During the early stages of this process, diverging populations 70 are exposed to contrasting sensory and spatial information that present new behavioral 71 and perceptive challenges. These can be met by changes in brain function, often 72 reflected in differential investment in brain components 3 . Analyses across 73 phylogenetically disperse species suggest that adaptive changes in brain composition 74 are driven by selection to meet the demands of a species' ecology 4,5 . In contrast, 75 recent intraspecific studies highlight the potential for neural plasticity to facilitate 76 optimization of brain composition to local conditions [6] [7] [8] [9] . Little is known about the 77 role of brain evolution and plasticity at the intersection of these evolutionary scales 78 when new species emerge from locally specialized populations. 79
The role of plasticity during ecological speciation continues to be 80 controversial 10 . Plasticity can increase fitness in new environmental conditions 7, 8, 11, 12 , 81 particularly after rapid environmental change 13 . Plasticity in trade-odds between 82 sensory modalities could also facilitate rapid adaptation to contrasting niches without 83 changing the energetic cost of sensory processing 14 . By promoting survival, adaptive 84 plasticity could either facilitate speciation by enabling persistent exposure to 85 contrasting environmental conditions, or inhibit speciation by facilitating local 86 adaptation without the evolution of reproductive isolation 8, 12, 15 . Plasticity can also be 87 costly 7 , particularly for energetically expensive neural tissue 16 . The benefits of 88 plasticity may therefore be absent or transient depending on population dynamics and 89 fitness landscape 17, 18 . Indeed, plasticity may be maladaptive if populations are pushed 90 further from fitness optima, increasing the strength of selection for heritable 91 adaptations 15 . A shortage of case-studies has so far prohibited the resolution of this 92 debate. 93
Here, we provide a novel case study focused on the roles of adaptation and 94 plasticity in brain composition during the early stages of speciation in Heliconius 95 butterflies. Speciation in Heliconius often involves selection favouring ecological 96 divergence 19 and a number of extant taxon-pairs provide 'snap-shots' of this process 97 at different stages of completion 20,21 . We studied one example involving two incipient 98 species of Heliconius butterfly that have recently diverged across an environmental 99 gradient, and reflect the transition from polymorphic races to species; H. himera and 100 H. erato cyrbia. H. himera is an incipient species emerging from within the H. erato 101 4 clade 22 . Unlike low altitude races of H. erato, which are typically found in large-102 leaved secondary wet forest, H. himera is endemic to high altitude dry forest in the 103 western border of Ecuador and Peru 23 . This parapatric distribution across an 104 altitudinal gradient is maintained by strong selection 24 , and exposes individuals to 105 different environmental conditions, including the distribution and intensity of 106 different wavelengths of light, average rainfall and daily temperature range [25] [26] [27] . 107
These contrasting abiotic conditions in turn shape differences in forest and foliage 108 type, the ecological communities and predators individuals experience. 109
Adaptation to these contrasting environments has played a central role in 110 driving speciation in these butterflies [24] [25] [26] [27] which diverged ~1 million years ago 32 , is less than 0.1% 33 . 120
Recently, the size of brain components in Heliconius have been shown to have 121 significant amounts of ontogenetic and environmentally-induced plasticity 34 , which 122 could potentially facilitate specialisation to contrasting habitats during the early stages 123 of ecological speciation. Contrary to this hypothesis, we instead demonstrate that 124 ecological divergence has favoured adaptive shifts in the relative size of multiple 125 brain components between H. himera and H. erato. These species differences cannot 126 be explained solely by environmentally induced plasticity, suggesting heritable 127 adaptations in brain structure and function have contributed to the emergence of H. 128 himera. 129 5 divergence in habitat, ecology, behaviour and life history [25] [26] [27] 31 . We quantified 136 variation in the size of 13 major brain components, or 'neuropils', along with the 137 remaining volume of the central brain (henceforth rCBR) from 16 individuals of each 138 species using immunofluorescence staining and 3D image segmentation 35 . These 139 include the major visual and olfactory neuropils, as well as the mushroom bodies, 140 structures linked to learning and memory 36 , and components of the central complex, a 141 multimodal integration and action selection center 37-39 . 142 143
Divergence in brain composition 144
Despite finding no significant differences between H. himera and H. e. cyrbia in the 145 overall volume of the central brain (t 30 = 0.688, p = 0.497) or total neuropil volume 146 (t 30 = 0.705, p = 0.487), a Principal Component Analysis (PCA) revealed marked 147 divergence in brain composition between the two species. Using volumetric data for 148 13 neuropil and rCBR from 32 wild individuals, our PCA resulted in four major 149
Principal Components (wPC), together explaining a total of 77.4% of the total 150 variance. Of these, wPC2 (18.183% Var; F 1 = 33.840, p < 0.001) and wPC4 (8.182% 151
Var; F 1 = 9.691, p = 0.004) were significantly associated with species identity 152 (ANOVA controlling for sex) ( Fig Across these multivariate analyses, components of the visual pathway including the 159 medulla, lobula and lobula plate which are involved in processing of light, colour and 160 movement, and the antennal lobe, the primary olfactory structure in the insect brain, 161 had consistently strong contributions to PCs or DFs that separate H. himera and H. e. 162
cyrbia (Supplemental Information). 163
To further explore how individual neuropil contribute to species differences in 164 brain composition, we next examined the scaling relationship between each neuropil 165 and an independent measure of overall brain size (the unsegmented central brain; 166 rCBR). The standard allometric scaling relationship (log y = β log x + α ) provides a 167 means to test for significant shifts in the allometric exponent (β) or scaling factor (α) 168 6 between species, which together describe the relationship between two traits. 169
Conserved scaling relationships are typically interpreted as indicating the presence of 170 some constraint that results in covariance between variables. This constraint may arise 171 from shared developmental mechanisms (or pleiotropy), or be due to selective 172 covariance to maintain a constant level of functional integration 40 . Deviation from a 173 shared scaling relationship can therefore indicate an adaptive change in the functional 174 relationship between two phenotypes 41 . 175
The majority of neuropil in the optic lobes display non-allometric shifts in 176 scaling with rCBR between species (Supplementary Information). After correcting for 177 multiple tests using the false-discovery rate 42 (for 13 neuropils), both the medulla 178 (FDR-p < 0.001) and lobula plate (FDR-p = 0.026) show significant grade-shifts 179 between species (difference in α ), whilst the lobula shows a species difference in β 180 (FDR-p = 0.026) ( Fig. 2C-D ). There is also some support for the accessory medulla 181 displaying a grade-shift (nominal-p = 0.044). In all cases these differences result in an 182 increase in the size of these structures in H. e. cyrbia. In contrast, we identified two 183 central brain neuropil, the antennal lobe (FDR-p = 0.042) and the posterior optic 184 tubercule (FDR-p < 0.001), which show grade-shifts towards larger volumes in H. 185 himera ( Fig. 2E -F). These differences in scaling relationships reflect substantial 186 differences in volume. For example, for a given brain volume the medulla and lobula 187 will be 12.3% and 18.2% larger in H. e. cyrbia respectively, whilst in H. himera the 188 antennal lobe will be 14.5% larger and the posterior optic tubercule 22.6% larger. 189
The results of our scaling analyses are largely consistent regardless of whether 190 sexes are pooled or considered separately, or whether rCBR or an alternative measure 191 of overall size (total neuropil minus the neuropil of interest) is used (Supplemental 192 Information). Importantly, because neither rCBR nor total brain size vary between adaptations. This revealed that the six neuropil form a co-varying network (Fig. 2G) , 205 partially reflecting patterns of connectivity 43 . Correcting for this covariance, the 206 association with species only remains significant for the medulla. This suggests 207 changes in medulla size may be driving changes elsewhere in optic lobe. For example, 208 medulla volume strongly co-varies with lobula plate volume (p = 0.003), but also 209 shows some evidence of co-variance with lobula volume (p = 0.069; Supplemental 210 Information). 211
We further investigated this possibility by examining the pairwise scaling 212 relationships between medulla, lobula, lobula plate and accessory medulla. Consistent 213 with the conclusion that variation in the size of the medulla drives changes in lobula 214 plate size these neuropil show a major-axis shift between species along a conserved 215 scaling relationship (Wald χ 2 = 5.105, p = 0.024). However, there is also evidence of 216 species differences in scaling exponent between the lobula and both the medulla and 217 lobula plate (Likeihood Ratio = 12.275, p < 0.001 and LR = 5.039, p = 0.025 218 respectively). The accessory medulla volume shows a grade-shift in scaling with the 219 medulla, lobula and lobula plate, consistent with a lesser effect of species identity on 220 this neuropil (all p < 0.001; Supplemental Information). These analyses suggest that 221 the species differences in size of the medulla and lobula plate may constitute a 222 concerted adaptation, maintaining but expanding their functional relationship, whilst 223 altering their functional association with the lobula. 224
We identify one co-varying network amongst components of the central brain; 225 between antennal lobe volume, the mushroom body lobes and the mushroom body 226 calyx. This may reflect the well-established role of the mushroom bodies in olfactory 227 learning 45 . We found no significant association between antennal lobe and posterior 228 optic tubercule volume, or between either of these neuropils and medulla 229 (Supplementary Information), indicating that these may reflect functionally 230 independent adaptations. 231 232
Plasticity does not explain species differences 233
Plasticity in the neural development and behavior has been implicated in facilitating 234 local adaptation and catalyzing speciation by promoting survival in novel 235 habitats 7, 8, 18, 46 . Several recent studies suggest plasticity in the development of brain 236 8 composition contributes to locally adapted ecological morphs within species 6,9 . 237 However, plasticity has significant costs 7 and the net benefits may therefore be 238 transitory 18 . 239
Heliconius brains show significant amounts of environment-dependent and 240 independent post-eclosion growth 34 . To test whether plasticity explains the 241 differences we observe between H. erato and H. himera, we obtained data for an 242 additional 10 individuals of each species reared in a common environment and 243 repeated the analyses described above. These individuals were the progeny of females 244 collected at the same populations as our wild individuals. First, a PCA of all neuropil 245 volumes separated the variance across 4 PCs (iPC). Of these, iPC1 (35.068% Var, F 1 246 = 9.887, p = 0.006) and iPC2 (17.672% Var, F 1 = 17.672, p = 0.001) were 247 significantly associated with species identity. Similar results were obtained when wild 248 and insectary reared individuals were analysed together ( Fig. 3 ; Supplemental 249 Information). 250
We assessed whether the neuropils contributing to these iPCs were the same 251 as those contributing to wPC2 and wPC4 in the wild caught samples by using a 252 regression analysis of the loading coefficients for each neuropil. Loadings of neuropil 253 on iPC1 from the insectary-reared analysis were significantly associated with loadings 254 on both PCs associated with species from the wild analyses (wPC2: t 9 = 3.438, p = 255 0.007; wPC4: t 9 = 2.440, p = 0.037). Loadings on iPC2 are also significantly 256 associated with loadings on wPC4 (wPC2: t 9 = -1.309, p = 0.223; wPC4: t 9 = -3.223, 257 p = 0.001). Neither iPC1 or iPC2 show any association with wPC1 or wPC3 which do 258 not vary between species (all p > 0.100). A DFA also shows strong support for 259 species differences (Wilks λ = 0.028, χ 2 = 39.456, p < 0.001) and correctly assigns 260 100% of insectary-reared individuals to the correct species group with a high degree 261 of confidence (p < 0.001). The DF coefficients again implicate the visual neuropil and 262 posterior optic tubercule as potential contributors to this difference (Supplemental 263 Information). Together these collective results strong imply that the relative 264 contribution of each neuropil to the species differences in brain composition in the 265 comparison between insectary-reared individuals is similar to that between wild 266
individuals. 267
Further analyses of the scaling relationships between each neuropil and rCBR 268 largely confirm this conclusion. We identify the same grade-shifts towards larger 269 Finally, we note that our results mirror those found across more distantly 320 related Lepidoptera with more extreme differences in ecology. For example, nocturnal 321 moths and diurnal butterflies can be distinguished on the basis of differential 322 expansion of the antennal lobe or medulla and lobula system 34, 54 . Similarly, the 323 Neotropical diurnal butterfly Godyris zavaleta, which is found in dark inner-forest has 324 increased investment in the antennal lobe relative to Heliconius or Danaus which 325 occupy habitats with greater light intensity 34,54 . This suggests similar selective 326 pressures associated with divergent sensory environments may be shaping 327 Lepidopteron brain composition across short and long evolutionary time-scales. 328 329
Conclusion 330
Speciation across environmental gradients demands local adaptation to distinct 331 environments 1,2 . By focusing of a pair of incipient species we have demonstrated that 332 this exerts selective pressure on brain composition, resulting in significant non-333 allometric shifts in a specific suite of brain components. Under the assumption that 334 scaling relationships reflect stabilising selection to maintain developmental or 335 functional associations, these non-allometric changes are likely to be driven by 336 selection for adaptive divergence, rather than being the result of phenotypic drift. 337 11 Although plasticity may facilitate ecological divergence initially 6-9 , especially where 338 continued gene flow prevents the build up of adaptive alleles, the costs of plasticity 339 are predicted to render this a transitory phase 7,18 . Our results demonstrate that even at 340 the early stages of speciation, where gene flow persists 22,24 , plasticity alone cannot 341 explain these species differences. We suggest selection on brain structure and 342 function may commonly play a role in facilitating the early stages of ecological 343 speciation, and that heritable divergence will quickly outweigh the contribution of 344 plasticity. and an x-y resolution of 512 × 512 pixels. The z-dimension was scaled 1.52× to 370 12 correct the artifactual shortening 34 . We assigned image regions to brain components 371 using the Amira 5.5 labelfield module and defining outlines based on the brightness 372 of the synapsin immunofluorescence. We reconstructed total central brain volume 373 (CBR),six paired neuropils in the optic lobes, six paired and one unpaired neuropils in 374 the central brain (CBR), and measured their volume using the measure statistics 375 module. The total volume of segmented structures in the CBR was subtracted from 376 total CBR volume to obtain a measure of unsegmented CBR (rCBR). Due to the lack 377 of volumetric asymmetry in Heliconius neuropil 34 we measured the volume of paired 378 neuropil from one hemisphere, chosen at random, and multiplied the measured 379 volume by two. β log x + α , we performed tests for significant shifts in the 395 allometric slope (β) between the species. This was followed by two further tests 396 which assume a common slope: 1) for differences in α that suggest discrete 'grade-397 shifts' in the relationship between two variables, 2) for major axis-shifts along a 398 common slope. Covariance between neuropils was investigated using multiple 399 regression. All volumes were log 10 -transformed before data analysis. 
